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The distributions of the four most abundant isotopologues and isotopomers (N2O, 15NNO,
N NO, and NN18O) of nitrous oxide have been measured in the Earth’s stratosphere by infrared remote
sensing with the Atmospheric Chemistry Experiment (ACE) Fourier transform spectrometer. These satellite
observations have provided a near-global picture of N2O isotopic fractionation. The relative abundances of
the heavier species increase with altitude and with latitude in the stratosphere as the air becomes older. The
heavy isotopologues are enriched by 20–30% in the upper stratosphere and even more over the poles. These
observations are in general agreement with model predictions made with the Whole Atmosphere
Community Climate Model (WACCM). A detailed 3-D chemical transport model is needed to account for the
global isotopic distributions of N2O and to infer sources and sinks.
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Nitrous oxide (N2O) is an important greenhouse gas that contributes to climate change. Of the well-mixed
greenhouse gases, N2O is third in terms of radiative forcing after CO2 and CH4 (Intergovernmental Panel
on Climate Change (IPCC), 2013). N2O is essentially inert in the troposphere and has an atmospheric lifetime
of about 120 years (Brown et al., 2013; Prather et al., 2015). In the stratosphere N2O oxidation leads to the formation of NOx (NO and NO2), where it contributes to ozone destruction. The Montreal Protocol limits the use
of ozone-depleting substances such as chloroﬂuorocarbons but does not address the increasing amounts
(~0.25% per year) of N2O (Ravishankara et al., 2009). N2O has a wide variety of surface sources but is primarily
produced as a by-product of microbial nitriﬁcation and denitriﬁcation processes in soils and oceans. The 20%
increase in the tropospheric volume mixing ratio (VMR) from the preindustrial value of 270 ppb to the 2011
value of 324 ppb is attributed mainly to modern agricultural practices through the application of nitrogencontaining fertilizers to crops (IPCC, 2013). The current 2017 VMR value is 330 ppb measured at Mauna
Loa, Hawaii, by the NOAA/ESRL halocarbons in situ program.
Recent observations from the Atmospheric Chemistry Experiment (ACE) satellite (Semeniuk et al., 2008;
Sheese et al., 2016) have led to the discovery of upper atmospheric N2O sources from chemical reactions
initiated by energetic particle bombardment. These particles form N atoms and excited metastable N2*,
which lead to the formation of N2O via the N + NO2 and N2* + O2 reactions. Descent of the N2O product
to the stratosphere leads to ozone depletion, particularly over the winter pole.
Isotopically substituted molecules (isotopologues) provide additional information on the chemistry and
dynamics of atmospheric N2O; isotopologue abundances also constrain N2O sources (Snider et al., 2015;
Stein & Yung, 2003; Toyoda et al., 2013). The three most abundant stable minor isotopologues and isotopomers are 15NNO, N15NO, and NN18O with natural abundances of about 0.36%, 0.36%, and 0.20%, respectively,
with a parent 14N14N16O abundance of 99%. Note that 15NNO and N15NO technically are the same isotopologue (singly substituted by 15N) but are distinct isotopomers because they differ in the location of the isotopic substitution. Isotopologue and isotopomer abundances can be measured by isotope mass spectrometry
(Kaiser, Röckmann, & Brenninkmeijer, 2003) and infrared absorption spectroscopy (Grifﬁth et al., 2009, 2000).
In general, the relative tropospheric abundances of the heavier isotopes have decreased with time as agricultural practices favor the production of the lighter parent molecule (Bernard et al., 2006; Ishijima et al., 2007).
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In situ ﬂask sampling from balloons and aircraft (e.g., Kaiser et al., 2006) with subsequent mass spectrometric
analysis on the ground and high-resolution infrared solar absorption spectroscopy from balloon platforms
(Grifﬁth et al., 2000) ﬁnd that the heavier isotopes are enriched at high altitudes as the N2O concentration
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decreases. This isotopic fractionation is caused by each isotopologue having a slightly different rate constant
for the N2O destruction reactions (McLinden et al., 2003; Yung & Miller, 1997):
 
N2 O þ hνð150  220nmÞ→N2 þ O 1 D 90%

(1)

 
N2 O þ O 1 D →N2 þ O2

40%

(2)

6%

(3)

 
N2 O þ O 1 D →2NO

in which the accepted relative contributions to removal are indicated as percentages (Burkholder et al., 2015;
Minschwaner et al., 1993). The main source of O(1D) in the upper atmosphere is the photolysis of ozone, and
reaction (3) is responsible for NOx production and ozone destruction in the stratospherevia the catalytic NOx
cycle (Finlayson-Pitts & Pitts, 2000). It has been suggested that reaction (1) is primarily responsible for the
observed isotopic fractionation (Yung & Miller, 1997) and modern ab initio calculations of this fractionation
(Schmidt et al., 2011) generally agree with laboratory and atmospheric observations.
The existing atmospheric observations of N2O isotopologues are sparse, and global VMR distributions as a
function of latitude and altitude are poorly known. Satellite measurements can provide near-global coverage
not possible from in situ, balloon, and aircraft platforms. We report on infrared observations of the parent N2O
molecule and the ﬁrst global observation of the three main minor isotopologues by the Atmospheric
Chemistry Experiment (ACE) Fourier transform spectrometer (FTS) in low Earth orbit.

2. ACE Satellite Data
The ACE satellite (also known as SCISAT) is a Canadian mission for remote sensing of the Earth’s atmosphere
(Bernath, 2017; Bernath et al., 2005). It was launched by NASA into a near-circular orbit (altitude 650 km, inclination 74° to the equator) in August 2003 and is still active. The primary ACE instrument is a high spectral
resolution (0.02 cm1) FTS operating from 750 to 4,400 cm1(2.2 to 13.3 μm). A sequence of atmospheric
transmission spectra in the limb geometry is recorded using the Sun as an infrared source during sunrise
and sunset (solar occultation technique). The satellite data are converted into altitude proﬁles of the volume
mixing ratios (VMRs) of more than 35 trace gases and 20 isotopologues (as well as temperature and pressure)
in version 3.5 of the processing (Boone et al., 2005,2013). The N2O line parameters from HITRAN 2012 were
used (Rothman et al., 2012). The vertical resolution is about 3 km starting at 5 km altitude (or the cloud tops)
and extending up to 95 km for N2O and about 45 km for the 15NNO, N15NO, and NN18O isotopologues. A
maximum of 30 occultations are recorded per day with a “butterﬂy” sampling pattern (85°S–85°N) as shown
in Figure 6 of Bernath (2017), with near-global coverage about every 2 months. More details on ACE retrievals
are provided in Text S1 in the supporting information.

3. Results
More than 30,000 occultations are available for the 2004–2013 period in version 3.5, and they were divided
into four seasons (Figure 1). The satellite orbit leads to a concentration of measurements at high latitudes
near about 60°N and 60°S.
The ACE N2O isotopic data set contains a large amount of unphysical data when compared to other molecules. Several steps were taken to remove this bad data and improve the ﬁnal results. First, data ﬂagged as
outliers by analysis from Sheese et al. (2015) are removed (data ﬂagged as 1 and 2 were kept; for ﬂags 4–7,
the entire proﬁle was removed). This reduced the number of occultations from 32,024 to 28,689. Next, proﬁles
containing a negative VMR value are removed. While negative concentrations are allowed in ACE retrievals,
they are not valid when calculating delta values. This further reduced the number of occultations used to
17,183. Finally, ﬁltering using the median absolute deviation (MAD) was performed on the data points.
MAD is deﬁned as

 
MAD ¼ mediani x i  medianj x j 
ðx Þ
and is less sensitive than the standard deviation to extreme outliers. The data set was binned by season, 10° latitude, and each altitude level and a MAD was calculated for each bin. Values with an
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Figure 1. Distribution of ACE measurements by season (winter: DJF, December–February; spring: MAM, March–May; summer: JJA, June–August; and fall: SON, September–November).

absolute deviation higher than the MAD multiplied by 5 were discarded. This did not remove any full
proﬁles.
After ﬁltering nonphysical data, the δ values are calculated for each isotopologue as

δ N ¼
15

i

15 i
Rsample
15 Ri
ref

δ18 O ¼

!
 1 1; 000‰ ði ¼ 1; 2Þ


Rsample

1
1; 000‰
18 R
ref

(4)

18

15

R ¼h

15 1


N14 N16 O
i;
14 14 16
N N O

(5)

14

R ¼h

15 2


N15 N16 O
i;
14 14 16
N N O

(6)

14

18


N14 N18 O
i;
14 14 16
N N O

(7)

R¼h

(8)

in which 15Rref = 0.00367666 and 18Rref = 0.002005 are, respectively, the reference isotope ratio of air N2 for
nitrogen and Vienna standard mean ocean water for oxygen isotope measurements;15N1refers to 15NNO,
15 2
N refers to N15NO, and 18O refers to NN18O.
The ACE δ values in the troposphere were compared to in situ values measured on the ground, and small calibration factor of 0.9995 was applied to the isotopologue R values, based on in situ tropospheric values (see
below). The ACE observations (Figure 1) were averaged in 10° latitude bins on a 1 km altitude grid for each
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Figure 2. In the top left, the mission average ACE VMR proﬁle for N2O in the 40°–50° latitude band, colocated predictions of WACCM and the average values
measured over France with four high-altitude balloon ﬂights (Kaiser et al., 2006).The other three panels show the corresponding δ values with one standard deviation
error bars, as well as the midlatitude model values of Schmidt and Johnson (2015).

season and for the entire mission. As validation, the ACE δ values from the corresponding latitude bin were
compared with in situ measurements (Kaiser et al., 2006) from high-altitude balloons (e.g., Figure 2). Figure 2
also displays the parent N2O VMR proﬁle. The expected relative increase in the heavier isotopologues with
altitude as N2O is photolyzed is observed, and good agreement is found between ACE and in situ
balloon data.
The global distribution of δN values from ACE for the seasons is displayed in Figure 3 for δ15N2, δ15N1, and
δ18O. The general pattern is the same for all three isotopologues: the heavier molecules are enriched in
the stratosphere over the poles. The Brewer-Dobson circulation transfers older air with heavier isotopologues
from the tropics to the poles. Moreover, Figure 3 shows the seasonal variation for the15N1,15N2, and 18O isotopologues; in December–February and also March–May there is more sunlight over the South Pole that
leads to enrichment of the heavier isotopologues (Figure 3). Similarly, over the North Pole the heavier isotopologues are enriched during June–August and September–November (Figure 3). It appears that the 15N2 is
slightly more enriched at lower altitudes than 15N1; this can be explained by the 15N site-dependent fractionation of the15N1 and 15N2 isotopologues (Kaiser, Röckmann, Brenninkmeijer, & Crutzen, 2003).

4. Modeling
Model calculations were performed using version 4 of WACCM (Whole Atmosphere Community Climate
Model), a component of the Community Earth System Model (Marsh et al., 2013). WACCM extends from
the surface to 5 × 106 hPa (~140 km) and includes fully interactive chemistry and circulations patterns for
the whole atmosphere. WACCM can be run as a stand-alone model or as the atmospheric component of
CESM. This model was previously used for observing isotopologues of methane (Buzan et al., 2016) and CO
(Beale et al., 2016), and a similar method is used here.
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Figure 3. Observed ACE global distributions for (a) δ N , (b) δ N , and (c) δ O.

Out of the box, WACCM does not support molecular isotopologues, but the isotopologues of N2O can be
inserted as separate species with a few modiﬁcations. First, the rate of the reaction of N2O with O(1D) is
updated to the current Jet Propulsion Lab values (Burkholder et al., 2015) then adjusted by the kinetic isotope
effects ε = (kLighter/kHeavier  1) × 1,000‰, of each isotopologue (Kaiser, 2002). Next, new theoretical photolytic cross sections as a function of wavelength and temperature are added for each isotopologue (Schmidt
et al., 2011). In this case the fractionation caused by different absorption cross sections (σ) is measured by
ε = (σ Lighter/σ Heavier  1) × 1,000‰. Finally, tropospheric abundances of each isotopologue were inserted into
the model by modifying WACCM’s built-in surface boundary condition with δ values of tropospheric air measured by Röckmann and Levin (2005). Table 1 summarizes the above three values; here a single photolysis ε at
233 K and 200 nm is provided for comparison to the N2O + O(1D) reaction.

Table 1
Kinetic Isotope Effects for the Sinks of N2O and Tropospheric Delta Values
Isotopologue
15 14 16

N N O (546)
N N O (456)
14 14 18
N N O (448)
14 15 16

BERNATH ET AL.

N2O + O( D) ε/‰

Photolysis cross section
ε (233 K, 200 nm)/‰

Tropospheric δ/‰

+8.87
+2.22
+12.38

+30.63
+69.86
+40.97

+29.6
16.2
+44.61

1
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Figure 4. Seasonal WACCM data sampled at the ACE locations for (a) δ N , (b) δ N , and (c) δ O.

WACCM was run as a stand-alone model with a resolution of 10 × 15° (latitude/longitude) and 66 vertical
levels. The model was run as a perpetual year 2000 for a total of 120 years; the ﬁnal 5 years were analyzed
and compared to the ACE data set. The model data were corrected for the sampling bias from ACE by sampling WACCM’s output as a series of “proﬁles” at the same location and time of year as the ACE proﬁles. The
model data were separated by season and placed into 10° latitude bins to match that of ACE.
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As shown in Figure 3, ACE and WACCM at midlatitudes (30–40°N) are in general agreement, although WACCM
typically predicts less fractionation than observed by ACE. These disagreements are particularly noticeable
near the top of the ACE retrieval range where the signal-to-noise ratio is low.
Figure 4 shows the model data for the δ values produced by WACCM for each of the three isotopologues. All
three have similar features: increasing fractionation with altitude and toward the poles. The magnitude of
fraction is highest for the N15NO isotopologue (Figure 1b), followed by NN18O (Figure 1c), and ﬁnally 15NNO
(Figure 1a). This trend matches the fractionation caused by photolysis, the primary sink of N2O. Seasonal ﬂuctuations are also present; enrichment of the heavy isotopologues is highest beginning in the summer and
continuing over the fall (June–November in the Northern Hemisphere and December–May in the Southern
Hemisphere). This is due to the increased sunlight, which drives photolysis. The seasonal variation is strong
in the mesosphere and lower thermosphere and is only just visible at the top of the ACE data range.
However, this seasonal oscillation is less visible in the ACE data set. The sampled WACCM data set, shown in
Figure 4, may explain why this occurs. The seasonal oscillation is diminished compared to the full WACCM
data and only noticeable above 40 km. This is near 45 km, the altitude limit of the ACE data set where its measurements have the highest uncertainty.
In addition to the strong seasonal oscillation in the mesosphere, ACE is also not able to detect the isotopic
signature due to N2O production by the solar wind in the upper mesosphere and lower thermosphere.
The chemistry associated with the solar wind was not included in WACCM but will create a unique
isotopic signature.
The WACCM model predictions and ACE observations are in reasonable agreement with previous model
results (Ishijima et al., 2015; McLinden et al., 2003; Yung & Miller, 1997), which also predict that the heavier
isotopologues are enhanced in the stratosphere above the poles. As illustrated in Figure 6 of Ishijima et al.
(2015), the sparse balloon data of Kaiser et al. (2006) also suggests a similar latitude and altitude dependence
as observed by ACE. The altitude proﬁle of N2O over Hyderabad, India (18°N, 79°E), shows little fractionation,
while those over Kiruna, Sweden (68°N, 26°E), and Showa, Antarctica (69°S, 40°E), show strong relative enrichment of the heavier isotopologues in the stratosphere. Recent in situ balloon observations by Toyoda et al.
(2017) conﬁrm that fractionation is relatively small in the tropics. This is expected given the more rapid
decline with altitude of the N2O VMR over the poles than in the tropics. The calculations of Schmidt and
Johnson (2015) for midlatitudes (Figure 2) also show the expected moderate fractionation with altitude.
This enrichment is a measure of the age of air: polar air in the stratosphere is older, N2O is more photolyzed,
and the heavier isotopologues are therefore relatively enriched. Indeed, ACE observations of N2O isotopologues could be used as tracers to evaluate or perhaps infer the age of air (Waugh & Hall, 2002).
These global observations have implications for high precision isotopic N2O analysis in the troposphere used
to determine ﬂuxes from various sources (e.g., Toyoda et al., 2013). Each source has a characteristic isotopic
ratio and, for example, emissions from soils are depleted in 15N (Toyoda et al., 2013). N2O has such a long lifetime that the heavy isotopologue enhancement in the stratosphere affects the tropospheric δ value. The
Brewer-Dobson circulation transports the fractionated gas poleward and downward with some heavily fractionated N2O returning to the troposphere. The global ACE distributions of N2O δ values highlight the importance of using a full 3-D chemical transport model to infer sources and sinks. In addition, the upper
atmosphere source of N2O could contribute to isotopic fractionation, especially in the winter as air from
the upper atmosphere descends over the poles.

5. Conclusions
Spectroscopic observations from low Earth orbit with the ACE-FTS have given a global picture of the isotopic
fractionation of nitrous oxide in the upper troposphere and stratosphere. The heavier isotopologues and isotopomers (15NNO, N15NO, and NN18O) are enriched with increasing altitude and increasing latitude in the
stratosphere. As conﬁrmed by modeling with WACCM, the photolysis of N2O in the near UV region is responsible for this pattern. As the air ages, there is a longer time for photolysis, a decrease in N2O VMR and an
increase in the relative abundance of the heavier N2O isotopologues. The model predicts a strong seasonal
variation over the poles in the mesosphere with the highest fractionation in sunlit summer pole and an amplitude that decreases with altitude.
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